An mRNA containing a premature termination codon is subjected to deadenylation-independent decapping by Dcp1p, followed by 5Ј to 3Ј decay by the exonuclease 
Results

Schizosaccharomyces pombe (our unpublished observations). (B) Coimmunoprecipitation of hUpf proteins from HeLa cell extracts
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. Antibodies against hUpf3a and hUpf3b show low but significant crossreaction, so it was not possible to test whether these two proteins associate with each other.
Human Upf1, Upf2, and Upf3 Proteins Are Concentrated in Different Cellular Locations
The polyclonal antibodies raised against hUpf1, hUpf2, hUpf3a, and hUpf3b were affinity purified and used to localize endogenous hUpf proteins in HeLa cells. Figure 3B , lanes 1, 6, and 11) had no significant effect as compared to the empty vector (see Figures 4C and 5B below). Western blots using an anti-MS2 coat protein antibody (a generous gift from Professor P. Stockley) revealed that the hUpf3a fusion proteins are expressed at approximately 5-to 10-fold lower levels than the hUpf3b fusions (data not shown), which could explain why the latter are more active in the tethering assay. Immunocytochemical experiments confirmed that, like their endogenous counterparts (Figure 2 ), the MS2 coat protein fusions of both hUpf3a and hUpf3b are nuclear and able to shuttle (data not shown).
To test if the reduction in ␤-globin mRNA levels triggered by tethering hUpf3 proteins to the 3ЈUTR is due to mRNA decay (as opposed to some other RNA processing event), a pulse-chase experiment was performed. Plasmids containing the ␤-globin gene with six MS2 coat protein binding sites in the 3ЈUTR (␤-6bs) and the control ␤-globin gene (␤G), both under the control of a tetracycline-responsive promoter, were cotransfected with plasmids expressing either MS2 coat protein alone or in N-terminal fusion with hUpf3b into HeLa "Tet-off" cells in the presence of tetracycline (see Experimental Procedures). hUpf3b was chosen for this experiment because preliminary data showed that a strong effect was required to obtain a clear result. Sixteen hours later, a 4 hr transcriptional pulse was induced by washing Figure 5A (compare -and ϩ lanes), which was expected since most eukaryotic mRNAs are somewhat stabilized when translation is inhibited (Herrick et al., 1990; Sachs, 1993). However, both the ␤-globin mRNA with a premature termination codon (lanes 3, 4) and ␤-globin reporters destabilized by tethered hUpf proteins (lanes 7-14) were stabilized to a greater extent than control mRNAs (lanes 1, 2, 5, 6). Western blotting showed that this was not due to a decrease in the levels of fusion proteins occurring during the 2 hr incubation with translation inhibitors (data not shown). Although cycloheximide-mediated stabilization Further evidence that hUpf1, hUpf2, and hUpf3 pro-( Figure 4C, lane 8) . Western blotting revealed that the mutant fusion proteins were expressed at levels similar teins trigger NMD was obtained using a dominant-negative hUpf1 mutant. Overexpression of this protein, which to their wild-type counterparts (data not shown). In control experiments, a cytoplasmic RNA helicase, eIF4A, contains a point mutation (R844C) in its RNA helicase domain, was reported to yield a low (‫-2ف‬fold) but reproand two nuclear RNA binding proteins, hnRNP-A1 and hnRNP-C, had no effect when tethered to the 3ЈUTR of ducible increase in the levels of mRNAs containing premature termination codons (Sun et al., 1998). Constructs ␤-globin mRNA (data not shown).
These results demonstrate that, like an intron, hUpf3, expressing wild-type or dominant-negative hUpf1 were cotransfected with plasmids expressing hUpf1, hUpf2, hUpf2, or hUpf1 protein triggers reduced mRNA levels imental Procedures) resulted in less reduction in mRNA levels in some cases (compare Figure 5C to Figures  3, 4, 5A, and 5B) . Nevertheless, the dominant-negative hUpf1 protein reproducibly enhanced (about 1.5-to 2-fold) the levels of the reporter ␤-globin mRNA in the presence of hUpf2-(lanes 11, 12) or hUpf3-fusions (lanes  7-10) , whereas no effect was observed when the MS2 coat protein alone was tethered to the 3ЈUTR (lanes 5, 6). When hUpf1 instead was tethered downstream, overexpression of the dominant-negative hUpf1 R844C mutant protein had no effect (lanes 13, 14) . Together these results show that hUpf1, hUpf2, and hUpf3 proteins are involved in NMD and that a termination codon is recognized as premature when any of these proteins binds downstream in the mRNA. hUpf3a and hUpf3b Interact Specifically with Spliced mRNA In Vivo Our observation that hUpf proteins direct NMD when tethered downstream of a translation termination codon strongly suggests that these proteins normally interact with exon-exon junctions in cellular mRNAs. To test if hUpf3 proteins bind selectively to spliced mRNAs, two constructs containing a CMV minimal promoter with tetracycline-responsive elements were made that express: (1) intron-less ␤-globin mRNA with a shortened 3ЈUTR (⌬12␤2) and (2) ␤-globin mRNA containing intron 2, but (lanes 1, 2), ␤39 (lanes 3, 4) , or ␤-6bs (lanes hUpf3 immunoprecipitates (lanes 5, 6) and ⌬1␤ pre-5-14) and ␤G (lanes 1-14) , as well as plasmids producing MS2 coat protein alone (cp; lanes 1-6) or coat protein N-terminally fused to mRNA was undetectable (a band deriving from the probe hUpf3a (3a; lanes 7, 8), to hUpf3b (3b; lanes 9, 10), to hUpf2 (2; alone, also present in lane 2, runs just below). Although lanes 11, 12), or to hUpf1 (1; lanes 13, 14) . A plasmid producing the spliced and unspliced RNAs might differ in their rate Figure 3C : the ‫%02ف‬ of the reporter mRNA that escapes initial rapid decay is as stable as wild-type bin mRNA observed upon hUpf tethering can be ascribed to NMD: (1) pulse-chase experiments demonmRNA. This suggests that the mRNA may be checked only once, during the first round of translation at the strated that tethering of hUpf3b results in mRNA decay the hUpf2/3p complex bound downstream results in mRNA degradation (Figure 7) . This explains why normal mRNAs, which lack exon-exon junctions in their 3ЈUTRs (and thus have all their hUpf3 displaced by translation of their open reading frame), are not degraded by NMD. Currently it is not clear whether hUpf1 joins the hUpf2/ 3p complex before, during, or after translation termination; but active translation is required for hUpf1-mediated decay in the tethering assay, so it is possible that hUpf1 interacts with the hUpf2/3p complex before termination. How the hUpf complex then relays the signal for selective decapping and decay of the aberrant mRNA remains a problem for future investigation. 
GenBank Accession Numbers
Sequences of hUpf2, hUpf3a, and hUpf3b have been deposited in GenBank under accession numbers AY013249, AY013250, and AY013251, respectively.
